Background: Intracapsular femoral neck fractures are associated with high rates of nonunion. We aimed to identify risk
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fixation, the most common, early postoperative complications occurring after reduction and fixation are nonunion and failure of fixation 1, 4, 5 , with a prevalence that has been reported to range from 10% to 30% 5 . Failure of fixation inevitably results in subsequent procedures, including revision surgery or arthroplasty 6, 7 . Multiple screws remain a standard method for fixation of a femoral neck fracture 3, [8] [9] [10] , although debate continues regarding the number and positioning of the screws. Some reports have indicated that two cannulated hip screws are sufficient for nondisplaced intracapsular fractures 11 . In most instances, however, three screws are placed, and studies have described varying risk factors for nonunion and osteonecrosis. Toh et al. 12 , in a study of 100 patients who underwent internal fixation of traumatic intracapsular fractures, found that the development of osteonecrosis or nonunion was not related to fracture displacement, the number of screws used (two or three), osteoporosis, parallelism of the screws, the presence of screws in each ''quadrant,'' or the experience of the surgeon; however, poor outcomes were associated with the age of the patient, the reduction gap at the fracture site, alignment of the reduction on the anteroposterior radiograph, and having all screw threads crossing beyond the fracture site. Gurusamy et al. 13 examined the placement of three screws and the degree of angulation in patients with displaced intracapsular fractures and found no association between positioning of the screws on the anteroposterior radiograph and nonunion; however, they found that reduced spread of the screws on the lateral radiograph was associated with an increased risk of nonunion. Other authors have examined other risk factors for failure, including inadequate reduction, bone density, and screw position and angulation 8, [13] [14] [15] [16] [17] . To our knowledge, there has been no study comparing the clinical results of screw placement in a triangle or an inverted triangle configuration.
The purpose of this study was to identify risk factors for nonunion in patients with both displaced and nondisplaced intracapsular femoral neck fractures treated with three 7-mm parallel cannulated screws placed in either a triangle or an inverted triangle configuration, with use of failure of fixation as the primary outcome measure.
Materials and Methods Patients
T he clinical and radiographic data for patients with intracapsular femoral neck fractures treated with three 7-mm parallel, stainless-steel, cancellous, cannulated screws (Synthes, Solothurn, Switzerland) placed in two different fixation configurations (triangle fixation [one proximal screw and two distal screws] and inverted triangle fixation [two proximal screws and one distal screw]; Fig. 1 ), between January 1, 2000, and July 30, 2009, were retrospectively analyzed. Patients with a pathologic fracture, an ipsilateral concomitant femoral fracture, a length of time between fracture and fixation of more than seven days, a fracture requiring open reduction, follow-up of less than one year, postoperative wound infection, subsequent postoperative subtrochanteric fracture, and those treated with sliding hip screws were excluded. In addition, patients without complete clinical and radiographic data were excluded. This study was approved by the institutional review board of our hospital, and because of its retrospective nature, the requirement of informed consent was waived. Demographic and clinical data were extracted from the medical records.
Ten attending physicians treated the patients included in this study; some surgical procedures were performed by residents under the supervision of the attending physician. All procedures were performed with the patient in the supine position on a fracture table. Guide pins were inserted in either an inverted triangle Radiographic illustration of screws placed in the triangle configuration ( Fig. 1-A) and the inverted triangle configuration ( Fig. 1-B) .
or a triangle configuration at the preference of the attending surgeon, and 7-mm cannulated screws of the proper overall length with 16 mm of thread length were used to stabilize the fracture site. The postoperative weight-bearing program was decided by the physician in charge and depended on many factors, including bone quality, stability provided by the implant, fracture pattern, postoperative alignment, and personal preference. In general, toe-touch weight-bearing with the use of an assistive device was allowed as soon as tolerated for patients with a nondisplaced fracture. In patients with a displaced fracture, weight-bearing was delayed until two to six weeks after surgery, depending on bone quality and stability provided by the implant.
Radiographic Analysis
For all patients, radiographs were made weekly for the first month after surgery and then monthly. Because evidence of union over the femoral neck is often obscure and may be undetectable in radiographs made within the first six months after surgery, nonunion was defined as displacement of the fracture site on postoperative radiographs or no radiographic evidence of union at one year after surgery. All radiographic evaluations and measurements were performed by all of the authors who were attending orthopaedic physicians (all authors reviewed all radiographs). If there was disagreement in the assessment of categorical data, the final decision was made by the corresponding author (L.-C.L). For continuous data, the average of all measurements was calculated after eliminating the two most extreme values, and the average was used in the statistical analysis.
Radiographic analyses included fracture classification, fracture characteristics, and bone quality. Fracture classification was based on the Garden classification, and fractures were classified as nondisplaced (Garden type I and II) and displaced (Garden type III and IV) 18 . Fracture characteristics (fracture line location) were evaluated with a modified method of Weinrobe et al. 9 from two aspects: (1) the slope of the fracture line as the fracture angle and (2) the altitude of the fracture line as the fracture level. The fracture angle was defined as the angle between the fracture line and the line perpendicular to the femoral shaft axis. It was difficult to calculate the fracture level in displaced fractures because the alignment changed after the fracture was reduced. The contralateral femur with intact alignment was used to measure the total length of the femoral neck and calculate the distance between the femoral head center and the fracture line. The fracture level along the femoral neck was determined by calculating the ratio of the distance between the femoral head center and the fracture surface to the total femoral neck length. This ratio was expressed as a percentage and was termed the fracture level ( Fig. 2) , and bone quality was estimated by measurement of the proximal femoral cortical thickness 9 . Because we evaluated the fracture level location, the traditional classification (subcapital, midcervical, or basicervical fracture) was not used in this study.
Radiographic analysis was performed for all patients with use of radiographs made immediately after surgery and included reduction quality, evaluation according to the Garden classification, screw configuration, and screw position. Reduction quality was based on the Garden classification and was rated as anatomic, acceptable (within the range of 155°to 180°in both anteroposterior and lateral radiographs), borderline acceptable (<155°or >180°in either view), and unacceptable (<150°or >185°in the anteroposterior radiograph alone) 19 . Screw position was evaluated as implant purchase of the femoral head and neck and screw parallelism. The screw-tip subchondral purchase was assessed by calculating the total distance from all three screw tips to the femoral head cortex in the anteroposterior radiograph. The screw-shaft purchase was assessed by determining the percentage of the maximum diameter of the femoral head and neck. The ratio of the distance from a single screw (the proximal screw in the triangle configuration and the distal screw in the inverted triangle configuration) to the femoral neck and head cortex to the diameter of the femoral neck and head was determined by measurement on anteroposterior radiographs. The ratio of the distance from the double screws with the same horizontal level (distal screws in the triangle configuration and proximal screws in the inverted triangle configuration) to the femoral neck and to the diameter of the femoral neck and head was determined by measurement on anteroposterior radiographs. A similar ratio can be obtained by a determination of the ratio of the distance from anterior and posterior screws to the anterior and posterior femoral neck and head cortex to the diameter of the femoral neck and head on lateral radiographs (see Appendix). Screw parallelism was assessed by measuring the greatest angle between any two screws on either anteroposterior or lateral radiographs.
Fifty randomized radiographs, including anteroposterior and lateral views, were used to evaluate interobserver agreement. Single-measure intraclass correlation coefficient was used for continuous variables, whereas the Cohen kappa coefficient was used for categorical variables. Good interobserver agreement (0.6 to 0.8) was found for all continuous variables, and almost perfect agreement (>0.8) was found for all categorical variables.
Statistical Analysis
Comparability between the union and nonunion groups was tested with use of the independent two-sample t test for continuous variables and the chi-square or Fisher exact test for categorical variables. Continuous variables were represented as the mean and standard deviation, and categorical data were represented by number and percentage. Univariate logistic regression analysis was performed to analyze the odds ratio (OR) and relative risk (RR) of significant factors of nonunion after internal fixation of femoral neck fractures with cannulated screws. Variables having a p value of <0.05 in the univariate analysis were selected for further evaluation by multivariate logistic regression models. All statistical assessments are two-sided and are evaluated at the 0.05 level of significance. Statistical analyses were performed with use of SPSS statistics software (version 15.0; SPSS, Chicago, Illinois).
Source of Funding
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Results

A
fter excluding four patients with subsequent postoperative subtrochanteric fractures (three with screw fixation in the triangle configuration and one with screw fixation in the inverted triangle configuration), a total of 202 patients with intracapsular femoral neck fractures treated with three cannulated screws who met the inclusion and exclusion criteria were included in the analysis. There were seventy-six men and 126 women with an average age (and standard deviation) of 64.53 ± 15.81 years (range, nineteen to ninety-three years). The average age of the patients with a displaced fracture was 48.78 ± 11.13 years (range, twenty to seventy years) and that of patients with nondisplaced fractures was 69.72 ± 13.54 years (range, nineteen to ninety-three years). All patients were followed for a minimum of one year. The demographic and clinical characteristics of patients with and without union of intracapsular femoral neck fractures after treatment with cannulated screw fixation are shown in Table I . Among 202 patients enrolled in the study, nonunion was evident in forty-four patients (21.8%). The average time from surgery to identification of nonunion was 59.41 days (range, forty to ninetynine days). Among patients with nonunion who required secondary surgical procedures, five patients had a salvage procedure (three were treated with bone-grafting and revision of the screws and two were treated with valgus-producing osteotomy) and thirty-five patients had arthroplasty (twenty-nine had bipolar hemiarthroplasty, three had Moore hemiarthroplasty, and three had total hip arthroplasty). There were no differences between the union and nonunion groups with respect to age, sex, fracture side, fracture angle, fracture level, or estimated bone density. There were significant differences with respect to fracture type, fixation configuration, reduction quality, screw-tip subchondral purchase, and screw-shaft purchase over the femoral head and neck between patients with and without union of intracapsular femoral neck fractures (p < 0.05). Fracture reduction quality in all patients was judged to be anatomic for 164 patients (81.2%), acceptable for twenty-nine patients (14.4%), borderline acceptable for eight patients (4%), and unacceptable for one patient (0.5%). The patients with borderline acceptable and unacceptable reduction quality were grouped together because of the small numbers. There were significant differences in anatomic, acceptable, and borderline and unacceptable reduction quality between the union and nonunion groups (Table I) . Table II presents the results of univariate analysis of the influence of variables on the likelihood of nonunion. The univariate logistic regression model indicated that fracture type, fixation configuration, reduction quality, screw-tip subchondral purchase, and screw-shaft purchase over the femoral head and neck were risk factors for nonunion (p < 0.05 for all). Variables having a p value of <0.05 in the univariate analysis were selected and evaluated by multivariate logistic regression models (Table  III) . The estimated OR for fracture nonunion was 2.93 (95% confidence interval [CI], 1.08, 7.96) for subjects with displaced fractures compared with those with nondisplaced fractures (p = 0.035). The estimated OR for nonunion was 18.92 (95% CI, 1.91, 187.09) for subjects with borderline and unacceptable reduction compared with those with anatomic reduction (p = 0.012) The estimated OR for nonunion in subjects with internal fixation with a triangle configuration was 2.92 (95% CI, 1.27, 6.69) compared with fixation with an inverted triangle configuration (p = 0.010). In addition, the estimated OR for nonunion in subjects with increased screw-shaft purchase over the femoral neck was 24.73 (95% CI, 1.90, 321.16) (p = 0.014).
A summary of postoperative radiographic data for the different fixation configurations is presented in the Appendix. There were no significant differences in the postoperative radiographic 2, 2013 data between internal fixation with the triangle configuration and internal fixation with the inverted triangle configuration (p > 0.05). A comparison of postoperative radiographic outcomes between different screw configurations in nondisplaced fractures (n = 152) is shown in Table IV . The union rate for the inverted triangle configuration was significantly higher than that for the triangle configuration (91% and 77%, respectively; p = 0.018).
Discussion
I n this study of the risk factors for fracture nonunion after internal fixation of intracapsular femoral neck fractures with cannulated screws, we found that a triangular configuration of screw fixation, a displaced fracture, borderline and unacceptable reduction, and more centralized screw position were risk factors for nonunion and implant failure.
The factors that have been most consistently found to be predictive of nonunion after fixation of intracapsular femoral neck fractures are poor reduction and fracture displacement 2, 10, 14, [20] [21] [22] . Age and sex are not risk factors for nonunion in most studies, including the current report, except in one prospective study in which increasing age and female sex were risk factors for healing complications 22 . A more horizontal fracture 
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line (especially with a fracture angle of >50°) was associated with implant failure in clinical and mechanical studies 23, 24 . A biomechanical study by Stankewich et al. 23 using cadaver hips found that, as the moment arm increased (the distal fracture level), the force required for failure of screw repairs decreased. However, some studies have demonstrated the opposite conclusion, with a higher implant failure rate in subcapital fractures 25 . While a number of studies have noted osteoporosis as a risk factor for nonunion, others have described contrary results 2, 9, 10, 15, 23 . In our study, fractures with displacement (OR, 2.93) and fractures with borderline and unacceptable reduction quality (OR, 18.92) were significant risk factors for nonunion, whereas fracture site, fracture level, fracture angle, and bone density were not.
An important finding of this study is that screw fixation in the triangle configuration was associated with a higher risk of nonunion compared with the inverted triangle configuration. Most authors recommend the inverted triangle configuration compared with the triangle configuration on the basis of biomechanical studies rather than clinical studies 8, 26, 27 . To our knowledge, this investigation is the only clinical study comparing two fixation configurations using three parallel cannulated screws for the treatment of intracapsular femoral neck fractures. In mechanical tests performed by Crowell et al. 26 in five paired cadaveric femora and by Benterud et al. 27 in eight paired cadaveric femora, in which screws were placed in different quadrants of the femoral heads, the inferior portion of the femoral head consistently had substantially lower screw pullout strength. The authors of both studies concluded that placement of screws in inverted triangle and diamond patterns provides better fixation in the dense bone of the femoral head. The mechanisms of implant failure in femoral neck fractures, however, are far more complicated than can adequately be examined with only a load-to-failure test. In a biomechanical study with use of synthetic bones performed by Selvan et al. 8 , a triangle configuration with use of three screws supported a significantly higher peak and ultimate vertical load compared with two or three vertical screws. However, no significant difference was found among four different triangle configurations, although the superior single-triangle configuration supported a higher average peak and ultimate load than the inferior singletriangle configuration.
In our study, fixation with the triangle configuration was associated with a higher risk (OR, 2.92) of fracture nonunion than was fixation with the inverted triangle configuration. In nondisplaced fractures, the union rate associated with the triangle configuration was still lower than that associated with the inverted triangle configuration. There are two aspects of the configuration that can explain the results. First, the triangle configuration may result in weaker implant fixation because the two most distal screws inevitably pass through the Ward triangle within the femoral neck, where bone density is decreased because of the absence of trabeculation 28 . Second, as concluded by the mechanical studies of Crowell et al. and Benterud et al. 26, 27 , the central and superior portion of the femoral head provides more support and has greater pullout strength because it has denser trabeculae than the inferior portion. The inverted triangle configuration exhibits greater pullout strength than the triangle configuration because of the two screw tips in the inferior portion of the femoral head. Furthermore, the triangle configuration may increase the prevalence of subsequent subtrochanteric fractures because drilling of the lateral cortex twice for the placement of two distal screws may double the risk 16 . In this study, four subsequent postoperative subtrochanteric fractures were excluded from analysis because of the complexity of statistically evaluating both fracture union and subtrochanteric fracture together. Three fractures were fixed with the triangle configuration, and one fracture was fixed with the inverted triangle configuration.
The positioning of lag screws with the use of the sliding hip device has been studied thoroughly, particularly in the treatment of trochanteric fractures 17, 29 . However, not as much study has been done on the positioning of screws for the fixation of intracapsular femoral fractures. While screw positioning in an intracapsular femoral neck fracture is complex, screw position can be assessed with implant-cortical bone purchase by evaluating the distance from the implant to the cortex. Baumgaertner et al. 17 proposed what has become the well-known concept of the tip-apex distance (TAD), which is the sum of the distance from the tip of the lag screw to the apex of the femoral head, as measured on an anteroposterior radiograph, and that distance as measured on a lateral radiograph. In our study, we attempted to emulate this method by measuring the total distance from all three screw tips to the femoral head cortex on anteroposterior radiographs to evaluate the implant purchase in femoral head subchondral bone. We did not use lateral radiographs because of the inevitable discrepancy between the two screw configurations with proximal placement of two screws and one screw.
It is difficult to measure the real distance between the femoral neck cortex and screw shaft. Parker 30 advocated assessing lag screw position of dynamic hip screws by calculating the ratio of the distance between the screw shaft and the cortex of the head, rather than measuring the real distance between the femoral neck cortex and the screw shaft, and this technique has been used in the assessment of cannulated screws in the treatment of intracapsular femoral neck fractures. Lindequist 31 introduced the concept of cortical support as a screw position within 3 mm from the femoral cortex. In a clinical study of eighty-seven patients who had fixation with two screws, Lindequist found that patients who had union had the distal screw placed more inferiorly and the proximal screw placed more posteriorly, and placement was determined by calculating the distance from the screw to the center of the femoral neck and femoral head. Gurusamy et al. 13 assessed screw position with a method similar to that proposed by Parker. The authors analyzed 395 displaced intracapsular femoral fractures and found that more anterior placement of the middle and anterior screws and the greater distance between the most anterior and the most posterior screws on lateral radiographs were associated with a significantly decreased rate of nonunion. The authors of the two reports concluded that the primary factor influencing the union rate was the degree of the spread of the screws rather than the distance from screw tip to joint line. We modified the methods of the two aforementioned reports by determining the distance between the screw shafts and the nearest cortex, rather than assessing the distance between the screw shaft and the femoral neck center as done by Lindequist 31 or by assessing the distance between the screw shafts and the same cortex as done by Gurusamy et al. 13 . A similar finding was noted in our study in that greater screw-shaft purchase over the femoral neck was associated with nonunion. This is compatible with the concept of three-point fixation: when the distance between the screw and the femoral neck cortex is small, the femoral cortex becomes the fulcrum of the screw and prevents fracture displacement 32 . Most authors have advocated that the screws be placed parallel 33 . However, some studies have demonstrated that screw parallelism is not a predictable risk factor of nonunion 4, 9, 10 , which is comparable with the results of our study.
There are some limitations of the present study. First, the screw configurations in all patients in both groups (triangle or inverted triangle) were not identical. Second, screw position was difficult to determine precisely. It is impossible to determine the true distance between double screws in the same horizontal plane (distal screws in the triangle configuration and proximal screws in the inverted triangle configuration) to the femoral neck and head cortex on regular anteroposterior and lateral radiographs because there is a discrepancy between the true distance and the measured distance (see Appendix). Third, variations in hip rotation during radiography can result in differences in the images and different measurement results in the same patient 34 . Fourth, bone density was only estimated; more accurate measurement may provide different results.
In conclusion, this study of the risk factors of fracture nonunion after internal fixation of intracapsular femoral neck fractures with cannulated screws demonstrated that screw fixation in a triangle configuration, a displaced fracture, borderline and unacceptable reduction, and increased screw-shaft subchondral purchase over the femoral neck were risk factors for nonunion. The use of an inverted triangle configuration of screws compared with a triangle configuration increased the union rate.
Appendix
Figures demonstrating the measurement of screw position in the inverted triangle configuration; comparison of postoperative radiographic outcomes for different screw configurations; and a cross-sectional diagram of the femoral head, femoral neck, and screws in the inverted triangle configuration are available with the online version of this article as a data supplement at jbjs.org. n 
